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1. INTRODUCTION 

The advantages of the Ku-band satellite services cannot be exhausted, as it serves as the gateway to 
high data and video transmission via digital satellite television (such as directly to homes) across the globe. It 
can be used for both digital satellite television and satellite television broadcasts. The Ku-band is one of the 
preferred choices in very small aperture terminals (VSATs) technology. The VSAT is one of the best 
emergency communication backup systems during disasters [1]. Also, the Ku-band employs a VSATs network 
based on a two-way ground station that sends and accepts data via satellites. The ground-based receiver uses a 
small dish with low noise blocks (LNBs) for reception focused directly on an elevation angle to receive the 
signal from the satellite. 

However, a signal via the slant path is susceptible to attenuation due to atmospheric hydrometeors, 
especially rain, among others [2], [3]. It’s widely known that rain among other hydrometeor parameters poses 
a serious degradation to radio waves, which is one of the major problems in earth-satellite systems, especially 
from 10 GHz and above [2], [4]-[14]. Several studies have also revealed that the rain-based attenuation (RbA) 
increases with increasing operating frequency and may cause the transmitted signals to be absorbed, scattered, 
or partially transmitted through the rain medium [6], [15], [16]. As a result of the degradation of signals due to 
rain, the strength of the received signals can be reduced, resulting in a total loss, and consequently becomes 
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unavailable for a great percentage of the time in a year [14], [17]. These signal degradations are usually 
common on the earth-satellite links, especially in tropical regions where high-intensity rainfall are usually 
experienced [18], [19]. Studies revealed that there is a tendency for high-intensity rain to fall for several hours 
and may be associated with thunderstorms and high storms in the tropics [6], [15], [20]. Actually, due to the 
peculiarities of the tropical climate in the determination of quality of service (QoS), the characterization of rain 
rate statistics in terms of cumulative distribution or yearly distribution may not be enough to fully determine 
the impact of precipitation on satellite-earth links [21]. 

The peculiarities of storm speeds in the tropics are also significant for weather determination 
throughout the region. This may invariably further add to the attenuation of signals travelling from the satellite 
along the slant path to the end-users. Ogunjo et al. [22] investigated the speed and direction of wind speed for 
Akure, a tropical location in Nigeria. Their results show a noticeable pattern, especially during the dry and wet 
seasons. However, due to the perceived but unreported fluctuations and unpredictability of wind speed, studies 
on wind speed as related to signal attenuation have not received much attention, especially in the tropics with 
many occurrences of storm speed. It is therefore expedient that more knowledge of the wind direction and wind 
speed as a function of the season is needed to characterize rain fade in satellite communication links [23]. Also, 
the knowledge of the influence of wind speed on attenuation over the communication links is imperative for 
proper planning, designing, and optimizing both the received and transmitted propagated signals along the slant 
path [18], [24], [25]. Moreover, the aftermath of the unavailability of the signals usually affects several other 
daily activities associated with broadcasting over Ku-band, such as real-time news, automatic teller machine 
(ATM) services, sports events, movies, and internet services, among others. Hence, it is crucial to further 
evaluate these features and their impact on Earth-satellite links over a tropical location. 

Most of the earlier studies on this subject have focused on the temperate and equatorial regions 
[6], [15], [16] with little or no focus on tropical regions like Nigeria. The wind-related studies in Nigeria have 
always been based on weather forecasts and environmental-related problems [22]. However, much work has 
been done on attenuation-related problems in the tropics as evident in literature [6], [15], [16]. Hence, the need 
to further evaluate the effect of storm speed on earth-satellite links over the tropical environment. 

This study aims to investigate the influence of storm speed in estimating RbA in the Ku-band based 
on two years (2018 and 2019) of 1-minute rain rate data obtained through the automatic weather station (AWS) 
rain gauge and RbA from beacon measurements at the Federal University of Technology Akure, Nigeria. These 
are important for figuring out what needs to be done to protect QoS in a tropical area where wind and rain are 
common. The rest of the paper is arranged as shown in: the information on the location of the study and the 
experimental setup is presented in Section 2, the methodology adopted is presented in Section 3, Section 4 
discusses the results generated, and the conclusion is presented in Section 5. 


2. METHOD 

The methodology adopted in this work is presented in this section. It primarily presents the RbA 
system's relevant tools as well as how a high quality of service can be achieved at Ku-Band for earth-satellite 
links in Nigeria. The section includes information about the study site, experimental setup, data processing, 
and a description of the synthetic storm techniques. 


2.1. Study location and experimental setup 

The study city for this work is Akure, Nigeria. Akure city is the state capital of Ondo State, which lies 
between Latitude 7.17° N and Longitude 5.18° E at an altitude of about 358 m above sea level [26], [27]. The 
city belongs to the tropical region of the rainforest part of Nigeria. The rain-bearing nature of the region was 
influenced by the Atlantic Ocean and the dry northwest winds from the Sahara Desert. As a rain-bearing region, 
it is characterized by both hot and humid areas, influenced by the southwestern monsoon winds [25]. As part 
of the tropics, the city is also characterized by two main seasons: rainy (between April and October), and dry 
(the rest of the calendar year) [25]. 

The experimental setup is sited at the Department of Physics, Federal University of Technology, 
Akure, (7.3070° N, 5.1398° E), Nigeria. The storm speed, storm direction and the rain rate time series were 
measured concurrently with the received signal from a beacon measurement for 2 years (2018 and 2019). The 
setup comprises outdoor and indoor units. The outdoor unit consists of a dish and an automatic weather station, 
(AWS) located beside the Departmental building, while the indoor unit comprises an integrated sensor suite 
with a data logger, a personal computer for user interface, SATlink and a spectrum analyser located in the 
communication research lab (CRL), within the departmental building. 

The Ku-band signal from the satellite was received by a micro-parabolic antenna 0.9 m in diameter 
(with a gain of 40 dB) from a horizontally polarized EUTELSAT W4/W7 (036°), at 12.245 GHz with a signal 
rating of 27,509 bps. The ground-based receiver looked-up angle was set at about 53.2° via the down converter. 
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The Ku signal from the satellite is converted to an intermediate frequency (IF) range from 950 kHz to 2150 
kHz via the low noise block (LNB) attached to the antenna via the looked-up angle. The indoor unit received 
the output signal of the converter and fed it into the SATlink and a spectrum analyser for further analysis. The 
output signal is sent to the data logger linked to the computer. The received radio frequency (RF) signal of 
12.245 GHz was sampled for several minutes successively at each rain rate to capture the actual reading. The 
average peak value per second was evaluated by laboratory virtual instrument engineering workbench 
(LabVIEW) to integrate it into one-minute reading. The availability of beacon measurements in a year is about 
96.2%. The remaining percentage of 3.8% is meant for equipment maintenance. 

The rain accumulation and rain rate based on time series were recorded from an AWS rain gauge 
incorporated with AWS sited in the same garden with the outdoor unit of the beacon measurement. The 
measurement traversed for a period of 2 years (from January 1, 2018, to December 31, 2019). The rain gauge 
has a diameter of 200 mm with a calibration of about 0.05 cm for each of the tips of rainfall. The equipment 
has an error of about 6.8% for any rain rate larger than the amount of 5 mm/h. The data logger records the rain 
values every 10 seconds and is integrated at the interval of | minute. The availability of the rain gauge in a 
year is about 98.6%, the remaining percentage of 1.4% is meant for equipment maintenance. 


2.2. Data processing 

Rain rate and RbA are concurrently measured throughout the observation. Only rainy days are 
considered in this work and any rain rate less than 0.5 mm/h is not considered. During the preprocessing of the 
data collected, the beacon data was synchronized with the meteorological data and an ordinary timestamp was 
assigned to it. Data reduction was done by removing the instrumental drifts and evaluating the attenuation 
reference level using the spectrum analyzer on complementary measurements. The RDA in dB is estimated 
using the difference between the receiving signal levels during clear sky (RSL ¢ijear sxy) and the receiving signal 
levels during rainy days (RSL,-giny day): 


RbA (dB) = RSLetear sky — RSLrainy day (1) 


2.3. Synthetic storm technique (SST) 

The synthetic storm technique (SST) is a unique algorithm that can convert rain rate-time profiles at 
a specific point to rain distance profiles at a specific time. It’s also a powerful tool that can generate time series 
statistics of RbA using the time series of rain rates at the specified location [8], [25]. The SST described the 
value of rainfall as a function of the length where that rain moved on the line because of the wind at a special 
speed [28]. For high values of storm speed, it is obvious that the duration of the predicted rain-attenuation time 
series is near the period of the actual rain attenuation. As a result, different rainstorms might still be evaluated 
to determine the effect on RbA as considered in this study. Figure | depicts a typical illustration of the satellite 
link geometry and the parameters in the SST model with two layers of precipitation. 
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Figure |. Typical illustration of the satellite link geometry and the parameters in the SST model with two 
layers of precipitation [8], [25] 


During every sampling period, the attenuation by rain is estimated as the summation of specific 
attenuation (dB/km) multiplied by the length of the segment, as expressed in (2): 


Ay, = TEL RE xX); (2) 


where k and @ denotes the coefficient related to the frequency of wave depolarization, temperature and drop 
size distribution-relating rainfall rate to the specific rain attenuation (dB/km); R is the m-th sample of the rain 
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rate measurement, m is the number of segments that constituted the link; V;, is the wind on a line and t is the 
integration time of 1-min, which is the length of the m-th segment of the link. Detailed physical and 
mathematical fundamentals are described at length by Matricciani [28] and updated by Kanellopoulos et al. [5] 
and therefore not repeated here. 

The vertical structure of the precipitation medium has been modeled with two layers of different 
depths. The layer A starts from the ground with the existence of rain with a water temperature of 20 °C [29] 
and layer B with melting hydrometeors at 0 °C [30] as depicted in Figure 1. R, is the homogeneously falling 
rain at layer A, while Rp is the apparent rain rate of layer B dominated by ice, where 


Ra = rRp with r = 3.134 (3) 


the recent ITU-R rain height has also been taken into account [31]. The input parameters needed by the SST 
model in our region are considered as follows. The altitude above sea level of the earth station Hs is 0.008 km. 
According to ITU-R [31], the height of the precipitation (rain and melting layer) above sea level, Hp is 5 km 
and depends on the latitude (¢) of the earth station, where ¢ < 23°. 

The thickness of the melting layer (/) is 0.4 km regardless of the latitude. The NIGCOMSAT-RI with 
its service footprint links at an elevation angle of 42.5° is assumed in this work. Hence the specific attenuation 
at a given point is converted into signal attenuation, A(xo) for a satellite path as it is in our case using (4): 


L L 
A(Xo) = ka Ji #R (xq + Axo, €) dé + kgr*? fe R°? (Xo, €) d& (4) 

where € is the distance measured along the satellite path. H,, of the upper limit of layer A is given by (5). 
H, = Hg —h = 4.0825 km (5) 


The radio path lengths are calculated using (6): 


L, = 4“— and Lz = = (6) 


where @ is the link elevation angle; Ax, is a shifting parameter that accounts for the fact that the radio path 
exists layer B at x, + Ax, and can be expressed as (7): 


a 
tan(@) 


h 
Axo = Lg —L4g = ae cos(@) = (7) 
each of the time series of attenuation time series is then obtained from the corresponding time series rain rate 
by applying a fourier series to (4). Table 1 presents some of the location-based parameters used in the SST. 
The attenuation generated via the SST is compared with the measured attenuation and thereafter, the influence 
of wind speed is assessed at Ku-band over the earth-satellite links. The k and o for 20 °C are deduced from 


[29], while at 0 °C was deduced from [30]. 


Table 1. Location-based parameters used for the SST [25] 
Location Latitude @N) Longitude CE) __ Altitude (m) Annual mean rainfall (mm) Frequency (12.245 GHz) 
Akure TAT 5.18 358 1524 k a k a 
(20°C) (20°C) (°C) (°C) 
0.0235 1.1505 0.2200 1.1668 


3. RESULTS AND DISCUSSION 

This section presents the results generated from the experimental setup and SST. It mainly presents 
discussions of the relevant results as well as how the results affect Ku-band signals propagating through the 
earth-satellite links in Nigeria. The section includes information about the rain accumulation, the cumulative 
distribution of rain rate, RoA beacon measurement, and the influence of wind speed on rain attenuation. 


3.1. Rain accumulation 

In this study, the dry seasons are subdivided into the cessation period (october to november), and dry 
months (december to february). The wet seasons are subdivided into the commencement of the rain period 
(middle march to april) and rainy months (may to september). The monthly statistics of the number of 
occurrences of rain accumulation, rain rate, and the RbA for 2018 and 2019 were determined and presented in 
Table 2. Table 3 also presents the summary of the statistical events based on the monthly and seasonal variation 
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of the parameters. It can be seen that the quantity of rain rate relatively determines the RbA for each of the 
months and seasons. Although the volume of precipitation in 2018 is more than that of 2019, the number of 
rainy days in 2019 is more than that in 2018. This depicts that radio signals will be more attenuated in 2019 
when compared with 2018. 


Table 2. Monthly statistics of rain accumulation, rain rate and RbA for 2018 and 2019 


2018 2019 
Months Volume of Rain Rate Rain No. Volume Rain Rate Rain No. of 
Rainfall (mm/h) Attenuation of of (mm/h) Attenuation Rainy 
(mm) (dB) Rainy Rainfall (dB) days 
Min Max Min Max days Guin) Min Max Min Max 
January 0.0 0.0 0.00 0.00 0.00 0 0.0 0.0 0.0 0.00 0.00 0 
February 0.0 0.0 0.00 0.00 0.00 0 20.4 0.8 5.46 1.54 1.89 
March 66.0 0.8 123.80 0.18 55.85 5 77.2 0.8 10.31 0.18 3.22 11 
April 11.4 0.8 76.80 0.18 18.58 1 104.4 0.8 129.4 0.18 58.78 12 
May 98.6 0.8 149.60 0.18 69.50 12 178.6 0.03 180 0.01 86.07 14 
June 34.0 0.8 114.00 0.18 50.78 2 93.1 0.03 225.81 0.01 91.88 15 
July 148.6 0.8 125.20 0.18 56.58 16 771.5 0.03 122.6 0.01 51.54 18 
August 132 0.8 140.40 0.18 64.59 13 31.3 0.03 4.09 0.01 1.12 15 
September 202.2 0.8 174.60 0.18 83.09 19 72.1 0.03 6.21 0.01 1.81 13 
October 771.6 0.8 174.60 0.18 83.09 14 7.8 0.03 4.32 0.01 1.20 5 
November 19.2 0.8 92.20 0.18 39.76 4 1.3 0.03 2.06 0.01 0.52 2 
December 0.0 0.0 0.00 0.00 0.00 0 0.0 0.0 0.0 0.00 0.0 0 
Total 789.6 86 663.7 106 


Table 3. Seasonal variation of rain accumulation, rain rate and RbA 


2018 2019 
Seasons Mont Volu Rain Rate Rain No. of Volume Rain Rate Rain No. of 
hs me of (mm/h) Atten Rainy of (mm/h) Attenuation Rainy 
Rainf uation days Rainfall (dB) days 
all (dB) (mm) 
(mm) . 
Min Max Min Max Min Max Min Max 
Dry months Dec- 0.0 0.0 0.0 0.0 0.0 0 20.4 0.8 122.6 0.18 55.23 1 
Feb 

Commence  Mar- 714 0.8 123.8 0.18 55.85 6 181.6 0.8 225.8 0.18 111.8 23 
ment of April 9 
rain period 
Rainy May- 615.4 0.8 174.6 0.18 83.00 62 452.6 0.03 180 0.01 86.07 75 
months Sept 
Cessation Oct- 96.8 0.8 174.6 0.18 83.09 18 9.1 0.03 4.32 0.01 1.19 7 
period Nov 
Total 789.6 86 663.7 106 


Figure 2 depicts the rainfall accumulation distributions over the study period. Figures 2(a) and (b) 
show the monthly and seasonal distributions of rainfall accumulation for the 2 years of measurements, 
respectively. From the result, rainfall accumulation was lowest during the dry season for both years. In the dry 
months, 2018 had no rain events while 2019 had a rain event with a total rainfall amount of about 20.4 mm. 
The rainfall accumulation in the cessation period was 96.8 mm in 2018 and 9.1 mm in 2019. The highest 
rainfall season was observed to be in the wet season for both years. The rain accumulation in the rainy months 
was 615.4 mm in 2018 and 452.6 mm in 2019. At the commencement of the rain period, the rain accumulation 
was 77.4 mm and 181.6 mm in 2018 and 2019, respectively. In 2018, September recorded the highest monthly 
rain accumulation of about 202.2 mm, while may had the highest monthly rain accumulation, about 178.6 mm, 
in 2019. Based on the statistics, it could be said that there would be more signal attenuation between may and 
September with more significant attenuation during may, july, and september. Better signal quality will be 
experienced around december to february. However, in 2019, march showed a high rainfall accumulation, 
which agrees with the work reported in Ojo et al. [6] that rainy seasons can vary in length, occurrence, and 
severity in tropical locations. Generally, the monthly distributions show most of the rainy events to be 
convective; this event is associated with very high levels of signal degradation. This is very crucial for 
determining the quality objectives of link budgeting for telecommunication systems. 
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Figure 2. Distribution of rainfall accumulation for the years of measurements (a) monthly and (b) seasonal 


3.2. Cumulative distributions of rain rate 

Figure 3 depicts the intercomparison of the cumulative distribution of rain rate over the study period 
Figure 3(a) presents the annual cumulative distribution of rain rate for the two years of measurements. It was 
observed that the yearly statistics for 2018 follow closely with those of 2019 and present a good fit at higher 
percentages of time up to around 0.2% with rain rates (lower than 160 mm/h). However, relatively low 
differences are obtained at lower percentages of time (lower than 0.004%). At 0.01% unavailability of time, 
the mean rain rate over the two years is about 104 mm/h, while ITU values recorded a rain rate of about 144 
mm/hr. This implies that the ITU rain rate value overestimated the actual value, with an average relative error 
of about 28%. Figure 3(b)-(d) shows the seasonal cumulative distribution of rain rates for 2018, 2019, and the 
two years together, respectively. Generally, the rain rate increases as the time percentage decrease. It is noted 
that there is no rain recorded for the dry months in 2019, while the dry months appear as the season that 
experiences the lowest rain rate. In 2018 (Figure 3(b)), the rainy months take the lead, followed by the 
commencement of the rainy period, while the dry months take the least. However, in 2019 (Figure 3(c)), the 
commencement of the rainy period takes the lead, while the rainy months follow suit, and the cessation period 
takes the least. In Figure 3(d), the rainy months take the lead while the commencement of the rainy period 
follows suit, then the cessation period and the least distributions were observed in dry months. The analysis 
depicts the dynamic nature of rain in the region. This analysis is crucial for estimating the fade margin needed 
for the quality of signals since it depends on the quantitative values of rain rate and consequently determines 
the attenuation [32]. 


3.3. RbA—beacon measurements 

Based on beacon measurements, Figure 4 presents a typical interrelated result of the measured rain 
rate events and the received signal levels on a rainy day (5" may 2019). Generally, it is observed that as the 
rain rate values increase, while the corresponding received signal level (RSL) value decreases. That is, higher 
rainfall is indicated by higher attenuation of signal power. Also, the duration of intense rain lasts shorter than 
the duration of the rain attenuation. The dynamic range of the receiver varies between -33.3 dBm and -83.2 
dBm, and the received signal strength experiences deep fade during heavy rain with a rain rate of about 116 
mm/hr. The rain attenuation may be more significant than 20 dB during heavy rain over satellite links in the 
area. 

Figure 5 shows the complementary distribution function (CDF) of the RbA for the two years of 
measurements compared with attenuation generated using SST and the ITU-R model. It was observed that the 
yearly statistics follow the same trend as the CDF for rain rate as presented previously in Figure 3(a). It was 
observed that the yearly statistics for 2018 RbA follow closely with that of 2019 and present a good fit at higher 
percentages of time up to around 0.08% with rain attenuation lower than 20 dB. However, relatively low 
differences are obtained at lower percentages of time (lower than 0.005%). At 0.01% unavailability of time, 
the mean RbA over the two years is about 50 dB, while SST values recorded rain attenuation of about 51.23 
dB. This implies that the SST value relatively fits the measured values with an average relative error (ARE) of 
about 3%. However, the rain attenuation obtained using the ITU-R model overestimated the measured values 
by about 16%. Table 4 presents the summary of the model’s performance based on metric measures, the root 
mean square (RMS), average relative error (ARE), coefficient of variation (CV), and standard deviation (STD). 
The SST model provides the least ARE, RMS, STD, and CV averaged over the selected percentages of time. 
The SST model is therefore adjudged to outperform the ITU-R model based on this study. 
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Figure 3. Intercomparison of the cumulative distribution of rain rate for (a) the years of measurement and the 
ITU rain rate (b) 2018 seasonal, (c) 2019 seasonal, and (d) the two years seasonal 
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Figure 4. A typical time series of measured rain rate and the variation of measured received signal level 
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Figure 5. CDF of rain attenuation for the 2-year measurement and comparison with SST and ITU RbA 
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Table 4. Summary of the performance assessment of the predicted model based on metric measures 


Models ARE (%) RMS STD CV 
SST 3.52 3.34 32.64 0.75 
ITU-R 16.05 6.56 35.07 0.77 


3.4. T ime series rain rate and rain attenuation 

The time-series of the measured rain rate and the RbA based on the SST during different typical rain 
events is presented in Figure 6. Figures 6(a)-(e) present the time series rain rate during different typical rain 
events at different seasons and the rain attenuation generated by the SST. It was observed that the measured 
rain rate patterns show a strong correlation with the rain attenuation generated using the SST. Typically, the 
duration of the rain rate was the same as the duration of the generated rain attenuation time series for each of 
the rain events. As also presented in Figure 6(d), higher rain rate intensities such as 180 mm/h, may cause a 
strong RbA of about 86 dB. Such a degree of signal degradation is sufficient to severely impair the earth- 
satellite links or cause a total outage to the satellite services. Hence, it is imperative to adopt a technique such 
as a site diversity technique to mitigate the total link outages in this region. 
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Figure 6. Time series of measured rain rate and RbA generated using the SST during different typical rain 
events on (a) 7" Mar. 2018, (b) 24" Sep. 2018, (c) 27" Nov. 2018, (d) 5" May 2019; and (e) 30 Jun. 2019 


3.5. Influence of wind speed on rain attenuation 

Here, further analysis was carried out to assess the influence of wind speed on time series attenuation. 
The first subsection characterizes both wind speed and wind direction, whiles the second and the third 
subsections investigate the likelihood of wind speed occurrence during various rain events, and the analysis of 
the measured rain attenuation and the wind speed, respectively. The last subsection also discusses the rain- 
based attenuation at different wind speeds. 


3.5.1. Characterizing wind direction and wind speed 

Figure 7 also depicts the results of the characterization of the wind directions and wind speeds based 
on the season of the year. Figure 7(a)-(c) presents the wind directions and wind speeds for the wet season 
(2018), dry season (november 2018 to March 2019), and wet season (2019) observations. It was observed that 
for the majority of the total % of time, the wind speed was below 4.1 m/s in all the seasons. In the wet season 
(2018), the three dominant wind directions are SE, ESE, and E, with 7.85%, 7.26%, and 6.42% of the time 
respectively. This implies that the direction SE and ESE have more impact on the level of signal degradation, 
especially during the season. Also, in the dry season, the three dominant wind directions are W, SE, and E with 
16.56%, 12.38%, and 9.60% of the time, respectively. While in the wet season (2019), the three dominant wind 
directions are E, ESE, and W with 8.67%, 7.48%, and 7.31% of the time, respectively. Also, the direction SE 
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and ESE will contribute more to signal degradation when compared to W based on the % occurrences. 
According to the seasonal assessment, the dry season has the highest occurrence of the wind speed and 
direction. 


3.5.2. Probability occurrence of wind speed for all rain events 

Figure 8 presents the probability distribution of wind speed for all rain events in 2018 and 2019. It 
was observed that the maximum value of wind speed was below 8 m/s during 88% of rain events. During this 
same period, the average wind speed was less than or equal to 5 m/s. 


3.5.3. Measured rain attenuation and wind speed at different rain events 

The inflrunce of the wind speed on time-series measured RbA during different typical rain events is 
also presented in Figure 9. Figure 9(a)-(f) presents the measured rain attenuation and the related wind speed 
for some selected rain events. It was observed in all the typical rain events that although the duration pattern 
for both the rain attenuation and wind speed looked similar, the rain attenuation peaks do not synchronize with 
the wind speed peaks, indicating a sporadic correlation between rain attenuation and wind speed. Generally, 
the influence of the wind speed seems to be very minimal on the RbA, especially during the rainy period. 


3.5.4. Rain-based attenuation at different wind speed 

The time series rain attenuation and predicted rain attenuation by SST as a function of wind speed for 
typical rain events is depiected in Figure 10. For example, Figure 10(a) shows the predicted rain attenuation 
by SST as a function of wind speed at 1.0 m/s, 1.5 m/s, 2.0 m/s, 3.0 m/s, and 4.0 m/s for a typical rain event of 
7th March 2018 for about 30 minutes. The predicted rain attenuation by SST as a function of wind speed at 1.0 
m/s, 1.5 m/s, 2.0 m/s, 3.0 m/s, and 4.0 m/s for a tropical rain event on 27" April 2019 for about 50 minutes was 
also presented in Figure 10(b). It is generally observed that the predicted rain attenuation increases with an 
increase in the variation of the wind speed. 

The CDF of rain attenuation and predicted rain attenuation by SST for different wind speed is 
presented in Figure 11. For example, the CDF of RbA at different wind speeds (0.5 m/s, 1.0 m/s, 1.5 m/s, 2.0 
m/s, 2.5 m/s, 3.0 m/s, 3.5 m/s and 4.0 m/s) for 2018 and 2019 is shown in Figure 11(a) and 11(b) respectively. 
It was observed that although rain attenuation CDF at the different wind speeds follows closely and gives a 
good fit, the predicted rain attenuation CDF also increases with an increase in the variation of the wind speed. 
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Figure 7. Characterizing the wind directions and wind speeds for (a) Wet season (2018), (b) dry season 
(November 2018 to March 2019), and (c) wet season (2019) 
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Figure 8. Probability distribution of wind speed for all rain events measured in 2018 and 2019 
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Figure 9. Influence of wind speed on time series measured RbA during different typical rain events 


(a) 14 April 2018, (b) 5 May 2018, (c) 27" February 2019, (d) 5 March 2019, (e) 30 June 2019, 


and (f) 10 October 2019 
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Figure 10. Time series rain attenuation and predicted rain attenuation by SST as a function of wind speed for 
typical rain events of (a) 7 March 2018 and (b) 27" April 2019 
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Figure 11. CDF of rain attenuation and predicted rain attenuation by SST for different wind speed in 
(a) 2018 and (b) 2019 


4. CONCLUSION 

The rainfall accumulation, rain rate, wind speed, wind direction, and RbA were concurrently measured 
for two years in a tropical location (Akure), Nigeria, on the Ku-band satellite-to-Earth path. The SST algorithms 
were also validated over the slant path Ku-band signals at different wind speeds. Further analysis was carried 
out to assess the impact of wind speed on time series attenuation in the Ku-band. Analysis of the average and 
total monthly accumulation shows the significance of the months with more volume of water (between May 
and September). As more volume of water is observed in these months is a signal to the system engineers to 
prepare for mitigating measures to enhance the good quality objectives of telecommunication systems. It was 
observed that the measured rain rate shows a strong correlation in trend with the SST generated RbA based on 
the lowest metric measures when compared with the ITU-R model and the duration of the measured rain rate 
was the same as the duration of the generated RbA time series for each of the rain events considered. Predicted 
rain attenuation as a function of wind-speed variations by SST shows a minimal effect on this region. Although 
the duration pattern RbA and wind speed look similar, most of the rain attenuation peaks do not synchronize 
with the wind speed peaks. It is generally observed that the predicted rain attenuation and rain attenuation CDF 
increase with an increase in the variation of the wind speed. It can be generally inferred that the results based 
on this work will provide essential information to system designers for suitable site diversity measures to 
improve link availability and proper communication system planning at different seasons in Nigeria. 
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